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I. OVERVIEW
'.,

INTRODUCTION

In 1983 a new material, slurry-infiltrated fiber concrete (SIFCON), was

brought to the attention of the Air Force Weapons Laboratory (AFWL) by

Dr. David Lankard of the Lankard Materials Laboratory (LML) in Columbus,

Ohio. Dr. Lankard had done some pioneer work in the development of the

material, as well as some applications using the material in the paving and
metal fabrication industries. A review and analysis o" tne material by AFWL

showed that SIFCON possessed the characteristics of both high strength as well

as ductility. These properties indicated that the material had a potential

use in a superhard silo structure.

Because the material showed such promise, AFWL proposed a program to

construct and test a scale model of a generic superhard silo structure using

the SIFCON material. Limited funds and time prevented the building of a spe-

cific explosive test environment for the structure. As a result, AFWL decided

to place the structure in a scheduled calibration test that was part of the

Intercontinental Ballistic Missile Silo Superhardening Technology (ISST) test-

ing program in Yuma, Arizona. Unfortunately, the environment of the calibra-

tion test would have required a much larger scale model than could be

constructed with the funding and time available. To proceed with the program,
AFWL selected a much smaller scale size for the structure. Although the

structure would be subjected to a more severe environment than an equivalent

scale baseline-type structure, AFWL felt that the structure fabricatea from

SIFCON would still generally survive the test and provide valuable data for

future work.

On November 15, 1983, several New Mexico Engineering Institute (NMERI)

engineers and technicians were instructed by Dr. Lankard on the manufacture of

SIFCON. It was clear at that time that There was not a large amount of test

data covering one specific mix design or fiber percentage but only a few

results on many different mixes. In addition, no data covering dynamic

loading were available.

Following the instruction, NMERI began a program to ievelop a slurry mix

design for use in the structure, as well as construction techniques for plac-

ing the SIFCON in the wall of the model. Again, time constraints permitted

1%
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only a brief study of mix designs before a decision had to be made. With

advice from Mr. Lankard, a mix was selected and the design and construction of

the model began in early January 1984.

SCOPE

"This report is divided into four sections. Section I is an overview of

the program. Section II discusses the design, construction, instrunentation,

and placement of the structure in the test-bed as well as tabulating the U
results of the static testing of the SIFCON material. Section III analyzes
the results of the static and dynamic testing of SIFCON. Section IV presents

some qualitative posttest observations of the model. Analysis of the dataobtained from the gages mounted on the model and comparison to the pretest

predictions will be conducted by AFWL, with the results to be published in a

r separate document.

GOALS

The goal of fabricating and testing a generic iSST scaled model of SIFCON

was to demonstrate the survivability of a superhard silo structure using
innovative design concepts and uiconventional materials.

S %w

APPROACH

The approach was to use the Ballistic Missile Office (BMO) ISST test

series, specifically HFC-2 (High-Fidelity Calibration) event (Ref. 1), as a

test-bed for evaluating the materials and design concepts of a superhard silo
constructed with SIFCON. The HFC-2 test was designed to be a 379--MPa

(55 k/in 2 ), 225-kt nuclear airblast simulation test. This environment, on the

1. Bedsun, David A., Site Characterization of the HFC--2 Testbed, Luke AF,
AZ, NMERI TA8-61, Task Report, Air Force Weapons LaboratoryKirtiand Air
Force Base, New Mexico, March 1984.

2
'WV-

.,1 ,



one-eighth scale ISST structure, would scale to an environment of 115 Mt and

379 MPa (55 k/in 2 ) for a full-size Peacekeeper-type missile silo. Reference 2

gives specific details of the simulator design and structure placement in the

test-bed 3s well as the predicted airblast and ground shock environments.

TEST OBJECTIVES ('t

The first objective was to design a structure that would reduce some of

the relative soil structure motions and thus reduce structural loading. The cI
method that was used to accomplish the reduced silo structure motions and

structural loading is discussed in Section II. A second objective in the

test was to use materials that have high strength and ductility while at the N. . "]

same time improving constructability. SIFCON, with the percentage of steel I"
used in the structure, was such a material. The high strength and ductility i

characteristics and the constructability i-sues of SIFCON are discussed in

Sections II and III.

2. Bedsun, David A., HFC-2 Pretest Report, NMERI TA7-29, Task Report, Air 0
Force Weapons Laboratory, Kirtland Air Force Base, New Mexico, May 1984.

%-.J
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II. CONSTRUCTION AND FIELDING OPERATIONS

INTRODUCTION

This section Is limited to a documentation of the construction and field- , 1
ing procedures and material test results performed by NMERI during the fabri-

cation of a scale model of a generic hard silo structure. The model was

constructed for AFWL as part of the ISST testing program.

This section begins with a discussion of the development of the SIFCON

mix design and construction techniques. Next, a review of the silo design
S~procedure is presented followed by a step-by-step documentation of the con-struction of the model and installation of the instrumentation. Also included

is documentation of the results of the Materials Testing Program.

DEMONSTRATION PROGRAM

Introduction--Basically, the manufacture of SIFCON involves first filling
a form with short, small-diameter steel fibers. Although the form willl appear

to be filled solid with fiber, the actual volume occupied by fiber is only

about 5 to 15 percent of the form volume. In practice the exact volume

occupied by the fiber is mainly a function of the type of fiber used. For a

specific-type fiber used, a specific percentage of volume occupied will

result. This value is relatively :onstant and cannot be significantly

increased by vibration or compressing the mass of fiber. Certain form geo-

metries such as narrow walls or sharp curves may also cause slight variation

in the percentage value due to a phenomenon designated as "edge effects"

which is discussed later.
S...

•w•. After the form is filled with fiber, a portland-cement-based slurry is

Spoured on the surface of the fiber mass and allowed to infiltrate the voids

Sbetween the f ibers. The slurry is poured until the form is full, and then

allowed to set up and cure.

Procedure--To gain some knowledge concerning the properties of SIFCON for

design purposes, as well as to determine construction methods necessary to

4
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to fabricate the model, a small demonstration-type program was undertaken by

NMERI. The program consisted of the fabrication of a mold approximately simu-
lating the wall of the model. This mold, as shown in Figure 1, consisted of a

6-mm (0.25-in)-thick steel plate for the back of the mold and a 6-mm

(0.25-in)-thick clear acrylic plastic plate for the front face. Both plates

were secured to a wood frame comprising the sides and bottom. The wood frame

was cut from standard 2 by 8 lumber cut down to 152 mm (6 in) wide. Headed

anchor studs, 6 mm (0.25 in) in diameter and 64 mm (2.5 in) long, were welded

to the steel backplate. In addition, headed anchor Studs, of the same

geometry as the steel studs, were fabricated from clear acrylic plastic rods

and glued to the clear acrylic front plate. The studs were arranged in a

staggered pattern on the front and back plates so that no studs were directly

opposite each other. The clear acrylic front plate permitted observation of

the fibers and slurry mix during placement. From this observation, the

following questions could be answered:

1. What was the best method of placing the fiber into the form and hope-

fully irto the wall of the model?

2. What was the effect oF the anchor studs on the placement of the
fiber?

3. What was the effect of form vibration on the placing of both the

fiber and the slurry?

4. Was the slurry mix the proper consistency to completely infiltrate

the fiber mass?

5. What was the best technique to make a horizontal construction joint

between consecutive pours?

In addition to the form simulating the wall of the model, three 204-mm (8-in)

cubes of SIFCON were fabricatea. These specimens were used to determine fiber

densities as well as to produce core samples. The cored specimens, taken both

horizontally and vertically from the cube, were used to study the effect of

fiber orientation versus compressive strength. Standard 102-mm (4-in)-diam by

204-mm (8-in)-long cylindrical specimens of both SIFCON and the slurry were
also prepared.

5
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Results--From this program it was determined that the fiber could be

placed by hand by sprinkling the fibers into the form or by just dropping a

handful of fibers into the form and allowing the anchor studs to break up the

clump of fibers as they fell. In general, both techniques produced undiscern-

ible differences in fiber densities throughout the height of the wall except

near the top of the form. In the upper 152 to 305 mm (6 to 12 in) of the

form, the fibers had to be sprinkled because there were not enough anchor

studs to break up clumps of fibers.

In addition, visual inspection showed that the headed anchor studs were

not detrimental to placing the fiber, provided the form was continuously

vibrated during the placement procedure. In fact, the fibers interlocked

around the studs so well that the form could be turned upside down and the

fibers would not fall out.

Four different slurry mixes were tried until one was found with the
proper consistency to flow down through a depth of 1.5 to 1.8 m (5 to 6 ft) of

fiber. It was also determined that even a relatively thick mix could be

worked into the fibers if the form was vibrated properly.

After several trials, a method for making a horizontal construction joint

was developed. This technique involved stopping the slurry placement when the

level of the slurry was about 50 mm (2 in) below the surface of the fiber

mass.

These results and the experience gained in working with the fibers and
A

*, slurry permitted the design of the structural details to begin. In addition,

consbuction plans were also developed (Ref. 3). It should be noted that the

demonstration program proved to be invaluable in providing the necessay

experience for working with such a new and unconventional material.

DESIGN

Introduction--Due to an almost total lack of data concerning material

properties for the SIFCON at the beginning of the project, the design of the

le

3. Mondragon, R., Generic Hard Silo Structures Test Program, NMERI TA9-11,
Management Plan prepared for Air Force Weapons Laboratory, Kirtland Air
Force Base, New Mexico, December 1983.
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structure was actually an effort to determine only a few of the critical

dimensions for the model. These included the wall thickness of the cylinder
*. portion, the length of the reduced section in the headworks area, the thick-

ness of the closure, and the liner plate thicknesses. An illustration of
0 terminology used in this section is given in Figure 2. The internal geometry

was selected by AFWL from a study of the current ISST baseline structure.

SIFCON mix design--The design of the SIFCON was based on recommendations

by Dr. Lankard and the results of the Demonstration Program performed at
NMER I. •

The fiber selected was manufactured by the Bekaert Steel Wire Corporation

under the registered trade name of DRAMIX and designated as ZL 30/.50 by the

manufacturer. The fiber was 30 mm (1.2 in) long with a 0.50-mm (0.02-in)
diameter. Each fiber had a slight kink at each end as shown in Figure 3. The

fiber was manufactured from low carbon, cold drawn steel wire having a speci-
fied minimum tensile yield strength of 1170 MPa (170,000 lb/.. 2 ). Other

properties of the fiber are shown in Table 1.

The mix design for the slurry is shown in Table 2. The ratio of water to

cement plus fly ash was 0.35. The ratio of the cement to fly ash was 70/30 by

weight. The superplasticizer dosage rate was 887 mL/45 kg (30 oz/100 lb) of
cement plus fly ash.

The type of cement desired was Type III because of its high-early-

strength property. However, Type III cement is difficult and costly to obtain

in the New Mexico area in bagged form; as a result, Type I (Special) was

selected. This is a cement, manufactured locally, which has some properties
9O wof Type III cement, specifically the high-early-strength characteristic. In

actual practice, most any type of cement would be satisfactory depending upon•

the desired results; however, the test schedule at the time dictated the use
of a high-early-strength cement. The fly ash selected was Type C having some
cementitious qualities whiich were felt would be of some benefit to the mix.

One of the trial mixes performed in the Demonstration Program was found

to perform extremely well during the pouring operation and the early test
results indicated a satisfactory strength. At the time, it was felt certain

ow 8
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SClosure

Clsure

/• gusset plates

SHeadworks

gusset plates

Headworks

L// • Trans ition
//• gusset plates

SOuter liner

i•Inner liner

,, ~Cyl inder

~Base gusset

/• • plates

Figure 2. ISST terminology.
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TABLE 1. FI3ER PROPERTIES

Fiber type ZL 30/.50

Dimensions Length: 1 = 30 mm (1.18 in)

Diameter: d 0.50 mm (0.02 in) rV
Z = hooked T

L = l o o s e 

"

Aspect ratio 1/d = 60
Tensile yield strength 1172 MPa (170,000 lb/in2 )

Tolerances Length t5 percent maximum
Diameter ±4 percent maximum

Aspect ratio ±10 percent maximum

TABLE 2. SLURRY MIX DESIGN

Ingredient Specification 
Manufacturer 

Weight 
•

Portland cement Type I (Special) Ideal Basic Industries 42.6 kgSTijeras Canyon, NM (94.00 ib)

Fly ash Type C Panhandle Fly Ash 18.3 kg
Amarillo, TX (40.29 lb)

Water Potable 21.3 kg

Superplastizer LA-8 (400N) Master Builders 1191 ml
Cleveland, OH (40.29 oz)

Yield 0.043 m3

Calculated unit 2528.0 kg/in 3

weight (157.8 Ib/ft3)

mA ýmzý-GX A..JXý& -X A



minor adjustments could be made in the cement/fly ash ratio, the water/cement

ratio, and the superplastizer dosage rate which might improve the workability

or strength of the slurry mix. However, time and cost constraints prevented

further development and refinement of the mix.

Liners--The material selected for the outer liner plate was 6-mm

(0.25-in)-thick A572 Grade 50 steel plate. The main reason for selecting this
'A.

material was that it was readily available within the time frame required. ,-•

Secondly, it was reasoned, intuitively, that the higher the confining pressure

the SIFCON would experience, the higher the axial compression strength would

be. Therefore, while a thinner plate would be adequate for construction

conditions, a thicker plate would provide a higher confining pressure. Under 4
yield conditions, the 6-mm (0.25-in)-thick plate would exert a confining pres-

sure of 4.0 MPa (580 lb/i n2 ).

The material selected for the inner liner plate was also 6 mm (0.25 in) 0

thick, A572 Grade 50 steel plate. It was also selected for reasons of avail-

"ability.

A 10-mm (0.375-in)-thick steel plate of A572 Grade 50 was selected for

the inner liner of the headworks region. Again, the thickness was chosen

based on availability from suppliers. Also chis thickness provided approxi-

mately the same cross-sectional area of steel in the reduced section of the

headworks as the 6-mm (0.25-in)-thick plate did in the cylindrical section. ,

This was done in the hopes of avoiding large and sudden variations of stress

in the liner from one area to another during loading.

Steel-headed anchor studs, 64 mm (2.5 in) long by 6 mm (0.25 in) in

diameter with a tensile strength of 380 MPa (55,000 lb/in2 ), were provided on S

both the inner and outer liner plates. Use of studs on the outer liner was

studied for some time, and it was finally decided to provide them with the

idea that even if they did not contribute to the strength of the system, they

would probably not be significantly detrimental either. The stud length and

spacing selected was somewhat arbitrary because the mechanisms of shear and

pullout failures of the SIFCON were not known at the time. The stud pattern
was selected to avoid studs on the inner and outer liners from being directly

opposite each other. This was done as a precaution to prevent preferential

12
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cracking or failure planes from developing through the thickness of the wall.

However, it was felt this would probably not be a problem with SIFCON. Also,

by staggering the studs on the inner and outer liners it was felt that the

steel fibers would not bridge between studs on opposite liners as the fibers

were being placed. The stud length, although not to scale, was selected as

being a standard stocked item from several suppliers. A shorter stud was

actually desired due to the scale of the model; however, time and cost con-

straints did not permit a special order.

Wall thickness--The thickness of the wall in the cylinder section of the

model was selected following a preliminary calculation using a spring-mass

model performed by the Theoretics Division at NMERI (Ref. 4). Based on the

calculation, a wall thickness of 152 mm (6 in) of SIFCON was chosen. From

this dimension, the thickness of the walls in the headworks section was

determined.

Base section--The concept of the conical end at the base of the model was

developed by AFWL. Originally, a steel floor plate was designed in the inside

of the cylinder section. However, it was eliminated early in the design pro-

cess to simplify placing of the SIFCON in the base. Also, from a structural

response point of view, it did not add to the strength becaise the base was a

conical section rather than a flat plate.

A series of six 13-mm (O.5-in)-thick steel gusset plates was selected by

AFWL as stiffeners at the intersection of the wall of the cylinder and the 0

base section. These gussets were designed to be welded to both the inner and

outer liner and connected to each other with 13-mm (O.5-in)-thick plates

(Ref. 5). These gussets were designed to prevent a potential shear failure

mechanism from developing at the wall and base as detailed in Figure 4.

Although it was felt that the SIFCON alone would have been able to resist

the failure, the possibility of losing data from the calibration test war-

ranted the inclusion of the gussets as a precautionary measure.

4. Rudeen, D., and Morrison, D., Preliminary Pretest Predictions of the ISST
1/8 Scale Structure Respoe, NMERI [ask Report, Air Force Weapons Labo-
ratory, Kirtland Air-F c ase, New Mexico, February 1984.

5. Schneider, Bruce, Engineering Drawings For ISST Structure With SIFCON--
HFC-2 Test, NMERI WA8-56, [ask Report Air Force Weapons Laboratory,
Kirtland Air Force Base, New Mexico, September 1984.
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Figure 4. Base gusset plates. •,
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Headworks section--The headworks was detailed with a horizontal bearing

plane for the closure. The width of the bearing plane was selected by AFWL.

Some concern was expressed concerning the ability to place fiber under a

wide horizontal surface such as the bearing plate. An Inward sloping bearing

surface, such as on one of the reinforced concrete baseline structures, was

considered but rejected in favor of the horizontal surface since it was
simpler to fabricate in the allotted time.

Again, as in the base section, twelve 13-mm (0.5-in)-thick steel gusset

plates were provided as a precautionary measure against failure in the bearing

area (Fig. 5). The gussets were welded to the inner liner but not to the

outer liner because of limited access for welding. Instead, a steel angle was

welded to each side of the gusset plate to engage a large section of the

SIFCON wall to help resist potential movement.

Later calculations (Refs. 6 and 7) indicated that the wall section at the

transition of the headworks and the cylinder section might suffer a signifi-

cant amount of distress. To stiffen that area, twelve 13-mm (0.5-in)-thick

steel gusset plates were added as shown in Figure 2.

Intuitively, it was felt that the gusset plates were probably not neces-

sary or that at least the size could be significantly reduced. However, as

stated earlier, the risk of losing the data on the calibration test dictated

that the precaution be taken.

Closure--The general geometry of the closure was selected by AFWL. The
steel plates used were A572 Grade 50 with 13-mm (O.5-in) thickness selected
for the bottom plate and 10-mm (0.375-in) thickness for the sides. As before,

these thicknesses were selected mainly for availability and timely delivery

from suppliers.

6. Berglund, J. W., Pretest Prediction Report for the Generic Hard Silo
Model, NMERI TA8-59, Task Report, Air Force Weapons Laboratory, Kirtland
AT7rForce Base, New Mexico, March 1984.

7. Berglund, J. W., Analysis of ST and LT Calculation Results, NMERI Task
Report, Air Force Weapons Laboratory, Kirtland Air Force Base, New
Mexico, March 1984.
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Figure 5. Headworks gusset plates.
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